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orientation of an object and more particularly a method and apparatus for an
acoustic based determination of an arbitrary position and orientation of an
object in space without any physical tether or connection to the object and
with no alignments or predetermined spatial relationships between the system

and the target object.

Backaround Art:

The problem that this invention solves is efficient and accurate initial
laying of an indirect fire weapon system for [ocation and direction and
subsequent attitude measurements necessary to firing the weapon system
accurately at a target. Additionally, minimizing weight and power
requirements as well as minimizing hardware physically attached to the
weapon is crucial to the solution.

There are two methods that try to solve the problem. The first is the
method employed by self-propelled weapon systems. Self propelled weapon
systems use a three-axis attitude sensor and global positioning system (GPS)
to determine pointiﬁg data. The second is a theoretical optical method. In

this system, a barcode is attached to the end of the tube, and a barcode
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t ube di spl acenent and cal cul ate azi nuth. Towed or man portabl e, indbﬁjf
fire weapon systens are laid using a surveyed aimng circle. Once g z;pué
laid on an Y¥QMt of fire, and have 5 accurate position, alcdridiAles
‘aimng i s done using optical sights and aimng references (almng poles,
collimators, or distant aimng points). There are several problens with
this system nethod of |aying and subsequent pointing of indirect fire
weapons; currently, survey is requiredtioaccurately enplace a nortar. An
accurate survey is difficult to transfer to places where indirect fire 10
weapon syst §R8dar is used tapneatilné theotubk! displdemént@nd talcalehs abig iRP! ace usi ng
an aimng circle is considered too long. Wth an aimng circle the |ocation
where the weapon is place is limted to a direct line of sight to the
aimng circle. As a result, the weapon is not placed optimally for

el i mnat s the 16 aeenor mA P ntifdedre edior HSRECIEad Uonordys. he

elimnates the 15 need for a surveéy, e
primary sh I4NGS.: Of salf-propell ed pointing system are excess
wei ght | and%rutﬁg%r &g"&'ﬁ)ﬁ F@ﬁém@!‘%%%ﬁ@@ f?f'd r‘?é‘na‘b@rz?’ﬁﬁﬁ\eofsﬁﬁ%taf@nh%not
accommdgt e _the e&ui ment used on the self-propelled system Additionally,
the sel > pASFHIaR %B@nemlifsﬂetirpéﬁr@ag t® doseeising ptikal sightsaand raiming
tenperature, 20 since it is nounted on the tube. This results in
unaccept abl éetespnaase(aimings poles, collimators, or distant aiming points). There are
several problems with this system/imethod of laying and subsequent pointing
} of indirect fire weapons; currently, survey is required to accurately emplace a
mortar. An accurate survey is difficult to transfer to places where indirect fire
10 weapon systems are set up. Additionally, the time it takes to emplace using
an aming circle is considered too long. With an aiming circle the location
where the weapon is place is limited to a direct line of sight to the aiming
circle.  As a result, the weapon is not placed optimally for tactical
considerations. While the use of an attitude sensor and GPS eliminates the
15 need for a survey, this method also has shortcomings. The primary
shortcomings of the self-propelled pointing system are excess weight, and
power requirements. A towed or man portable solution cannot accommodate
the equipment used on the self-propelied system. Additionally, the self

propelied system is exposed to severe shock, vibration, and temperature,

20  since it is mounted on the tube. This results in unacceptable failure rates of

electronic components.
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and el evation. Because this optical solution is theoretical, the accuracy
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the accuracy requirements have not been proven.

The current methods fail to address weight, power, accuracy, and off

tube mounting requirements.

10

Ali state of the art pointing systems require some type of position and
attitude measurement device, such as a giobal positioning system (GPS)
receiver and inertial navigation system (INS). The current method for solving
this problem most often relies on installation of an inertial Navigation System
15 (gyroscopes and accelerometers) on the object of interest. For many
applications this solution is prohibitively expensive. An optical approarch
requires exact positioning and re-alignments should the object’s position
change. Standard ultrasonic techniques demand separate sensing modules
for full three-dimensional determination of o'rientation. A radio frequency
20 solution requires extremely fast detection electronics (rough catculations
indicate such a system would need to resolve 4.6 picoseconds to sense the

minimum incremental motion of a mortar tube).



I ndi cate such a system would need to resolve 4.6 picoseconds to sense the

m ni mum i ncrenental notion of a nortar tube). WO 01/77999 -4- 0 8 OCT 2004
PCT/ US01/ 11602 There are several other prior art systens that attenpg JCb 2004
sol ve the P19 i on and position deternination problemas_discussed
above. U.S. Patent No. 4,853,863 to Cohen, et al., disclos $0)21683 t hat
5 uses light, ultrasound and string wound on encoded, spring-|oaded reels
as nechani sns for cal cul ati ons based on di stances, angle nmeasurenents and
doppl er shift neasurenents (derivatives)qwhich are then integrated to yield

di stance neasurenents. The Cohen, et al.. systemcalls for 3 emtters and 3
L. Ni n t he neasurenents. The present 10

det ect I
etectors, ail. Nomhed b*@%gygrfa?cgf?& ﬁg%")’ﬂ aRFteMgcihat atlesmt rtonsalut | theear ) .

invention utilizes 2 emtt

Anot her di st hen , I's that the present invention
utilizes 6 diet aﬁg}.ééﬁ@ghg?ga qﬁt?rﬂl'ﬁa‘I‘%W§b&ﬁ!mla§diis¢un§eﬁfmowst em ref erence
frame on the geodetic grid and a neans of determning reference frane
orientation to calculate absolute attitude and position. No such
enhancenment is tgébe found 15 in Cohen, et al. In addition, Cohen, et al.,
does not ref er endd S iRatentoNo: &,8568 ite T otars étsaldlg,gagggg ahg%sﬁéﬁl i S

Patent No. 5,280,457 to Figueroa, et at., discloses

5 uses hght uftrasound and string wound on encoded, spring-loaded reels as
mechanisms for caiculations based on distances, angle measurements and
doppler shift measurements (derivatives) which are then integrated to vield
d;stance measurements. The Cohen, et al., system calls for 3 emitters and 3
detectors, all non-collinear for obtaining the measurements. The present

10 invention utilizes 2 emitters (collinear) and 3 detectors (non—collinéar].
Another distinction from Cohen, et al., is that the present invention utilizes 6
distances coupled with a means of locating the system reference frame on

the geodetic grid and a means of determining reference frame orientation to
calculate absolute attitude and position. No such enhancement is to be found

15 in Cohen, et a!. In addition, Cohen, et al., does not reference fire control

applications as disclosed herein.

U.S. Patent No. 5,280,457 to Figueroa, et al., discloses a means for

making absolute distance measurements using ultrasound and a "strobe”

20 signal. The device is designed to eliminate the speed of sound as a system
variable. Figueroa, et al,, describes a2 means to locate single point in 3-
space, unlike the present invention which determines object position ;'clnd

orientation {6 degrees of freédom) in 3-space. Figueroa, et al.. also



maki ng absol ute di stance neasurenents using ultrasound and a "strobe" 20
signal. The device is designed to elimnate the speed of sound as a syﬁien1
vari able. Figueroa, et al., describes a neans to |ocate a single poﬂﬂm b4
3- space, uMG®aTeshe present invention which detern nes objm\etufesidet on and
orientation (6 degrees of freedon) in 3-space. Figueroa, et at., also WO
01!'77999 0 8 OCT 2004 PCT/US01/11602 -5- describes, as a neans to
acconplish this, the use of one emtter and mt2 detectors to operate in m
di nensions, i.e. one enitter and 5 detecfors for a 3D system Again, this
Is in contrast to the present invention, which uses 2 and 3 respectively.
And final |y, descrines| asa meanst feactdmplish i, fihealsebohbhegriitterand mé2

| ocating a point is given Figueroa et at. The present system provi des an

easy to use deeforefo Bpkidte inafdinehsiofls! B8.NbMRehilér Shd INJORERFS Tér a
position and orientation. The object of interest can have an arbitrary
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to establish précise reterences or datum poin using system

and. Posi 1 orPIRhct ISRHPHY iy A0E TR0 AOPIEASYC O e 2 SEPERTRENg 1 ho

| ocati on and poi nti attitude of ;an object relative to a known coordinate
system The REPN®OE aRyNYR givary Rigeaiog eaied .

The present system provides an easy to use means of making
accurate determinations of an object’s position and orientation. The object of
interest can have an arbitrary orientation with respect to the sensing device.

10 The user does not need to establish precise references or datum points when

using the system.

SUMMARY OF THE INVENTION (DISCLOSURE OF THE INVENTION)

The Remote Atftitude and Position Indicating Device (RAPID) is 3

15  system for determining the location and pointin_g' attitude of an object relative
to a known coordinate system. The RAPID system uses an ultrasonic based
measurement technique to determine the distances from two points on the
object of interest to at least three points forming a plane in the known
coordinate system. The derivation of the minimum six distances is

20 accomplished by transmitting a distinct acoustic signal from each of two
emitters and deriving the time of flight of each distinct signal from the two
detectors to at least three detectors. Measurement of time of flight (TOF)

relies on the fact that the acoustic signals travel at the speed of sound.
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object of interest to at least three points formng a plane in the known

coordi nate system The derivation of the mninum six distances is [Z00(] 704
acconpl i shewomy/Mgeansm tting a distinct acoustic signal fromeach of two

emtters and deriving the time of flight of each distinct st gHePii¢¥h t he
two detectors to at |east three detectors. Measurenent of tinme of flight
(TOF) relies on the fact that the acoustic signals travel at the speed of
sound. WD 01!77999 -6 0 8 OCT 2004 PGH&S01/11602 Derivation of the

m ni mum six TOF measurements requires that the detection algorithm

(har dwar e anUémVatief dfae MinfeeR! ﬂgg@uﬁs hfedsiFd 1S\3F§@f%%§ﬁ}%§§ét‘gﬁhor§ :Aglnglhs

were sent. This can be acconplis I ng an P

occurs at t ' St ul se.but is received 5
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i Simlar results can be ObLﬁ{%ed w thout a reference pul se by neasuring the
round trip t19RRIWVEESERE Thimear bemceemplishrd u&mgiaynngsauéaeetranmisaiom ed to

the two object transducers, conditioned and returned to the transmtting

transducer afhieRh ecqurseat dle asemediimedasi tret iamousfic tpuseTibiit MeMreddived OF 10
val ues, six emtter/pair distances are conputed, for use in final

conput at § on instantaneeatlyokt etheademttorSiaRg RE2RSMEEABE0MRIVer SRLRbARES. The
met hod descri bed above is inplenented via two primry
Similar results can be obtained without a reference pulse by measuring the
round trip time of flight, where three acoustic signals are transmitted to the
two object transducers, conditioned and retumed to the transmitting
transducer after a fixed delay. Upon derivation of the minimum, six TOF

10 values, six emitter/pair distances are computed, for use in fina computétfon of

object orientation using standard geometric equations.

The method described above is implemented via two ~primary

electronic assemblies. These consist of an emitter assembly and detector

15 assembly. Note that there are two emitter assemblies on the object of
interest, The emitter assembiy contains the electronic circuitry necessary to
generate the required drive signals for an acoustic emitter and .the RF
transceiver (in the case of the RF reference system). The detector assembly
contains the electronic circuitry necessary to receive, amplify and process the

20  signals detected by a minimum of three transducers. This circuitry may also
include a RF transceiver for receipt of the “time sent” reference signal. In the
round trip measurement implementation, the detector assembly would contain

the electronics necessary to drive the dual purpose transducers, and then

receive, amplify and process the returned signals. The detector assembly will



el ectroni ¢ assenblies. These consist of an emtter assenbly and detector 15
assenbly. Note that there are two emtter assenblies on the object of
interest. The emtter assenbly contains the electronic circuitry nede@Hrwm
to generatwoithgrovequired drive signals for an acoustic emgdmassopifel he RF
transceiver (in the case of the RF reference systen). The detector assenbly
contains the electronic circuitry necessary to receive, anplify and process
the 20 signals detected by a mninmum of three transducers. This circuitry
may al so include a RF transceiver for—+@&ceipt of the "time sent" reference

! signal. In the round trip nmeasurenment inplenmentation, the detector
. assenbly woukdcspricdiate ém%téﬁﬁé‘é rthlé Ca‘%hti]@éeaﬁﬁiiﬂéaﬂﬂ drdrderidaeagial gur pose
transducers, and then receive, process tghe returned SI ghal s.
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enabl e cal cub%h?gn of object orientation in a know coordi nate syst em (earth
frame). 5 A Ty object of the present invention is to enable automation
of nortar laying, targeting and displ acenent. Another object of the
present invention is to enhance the lethality of the nortar platform 10
Anot her object of the present invention is to connect the nortar to the

5 A primary object of the present invention is to enable automation of

martar laying, targeting and displacement.

Ancther object of the present inveﬁtion is to enhance the lethality of the
mortar platform.
10
Another object of the present invention is to connect the mortar to the

digital battlefield.

A primary advantage of the present invention is that the system is

15 minimally obtrusive to the weapons platform

Ancther advantage of the present invention is since the primary
electronics are not on the weapon, the environment is much more friendly,

thereby reducing cost impacts of the environmental design requirements on

20 the system

Yet another advantage of the present invention is that the system is

extremely light, further supporting its inclusion as part of the manpack and



digital battlefield. A primary advantage of the present invention is that
the systemis 15 mnimally obtrusive to the weapons pl atform Anot her

advant age of the present invention is since the primary electronic§gd{¢ 200
not on thewie@pPewee t he environnment is much nore friendly, éherebé reduci ng
‘cost inpacts of the environnental design requirenents on B TR/ 9‘?‘( em Yet
~anot her advantage of the present invention is that the systemis extrenely
| ight, further supporting its inclusion as part of the manpack and WO.

01/ 77999 -8 towed nortar systenms 0 8 GCE-2004 PCT/USO1/11602 Anot her
advant age of the present invention is that the system does not require

speci al set ypweH rﬁg,lté,bgy%mrﬁg\, t hereby i nproving operations and 5
survivability Another advantage of the present invention is that the system

accuracy is dependent on the accuracy of the pitch/roll/heading system
thereby offering tailorable performance and cost. 10 O her objects,

advant ages and n?‘/el fe%@ures, and further scope of applicability of the
present inventi o IGUNe" FRvagiager¢fithe presesh invantioptis thattthe Isystem does not

require special sefup or calibration, thereby improving operations and

S survivability

Another advantage of the present invention is that the system accuracy
is dependent on the accuracy of the pitch/roli/heading system, thereby
offering tallorable performance and cost.

10

Other objects, advantages and novel features, and further scope of
applicability of the present invention will be set forth in part in the detailed
description to foliow, taken in conjunction with the accompanying drawings,
and in part will become apparent to thosé skilled in the art upon examination

15 of the following, or may be learned by practice of the invention. The objects
and advantages of the invention may be realized and attained by means of
the instrumentalites and combinations particularly pointed out in the
appended claims. |

BRIEF DESCRIPTION OF THE DRAWINGS

20

The accompanying drawings, which are incorporated into and form a
part of the specification, illustrate several embodiments of the present

invention and, together with the description, serve to explain the principles of
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The acconpanyi ng draw ngs, which are incorporated into and forma part of
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only for the purpose of illustrating a preferred I men

i nvention angmbbdiniert &fOtHE irff/RRS L3 i e. invention. In the
drawings: 5 Fig. 1 shows the prg%g%dageogﬁ}%nﬂgn%&ﬁmgﬁta?il'gﬂg%%ﬁg?ng
system

ei t her of
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Fi g | y shows the preferred emtter assenbly. Fig. 3
oy énfi b Sfavhd

shows the pre

dule. Fig. 4 shows the typical conponents in
t he enbodi nents of the invention.

Fig. 1 shows the preferred position and orientation sensing system.
Fig. 2 schematically shows the preferred emiﬁer assembly.
Fig. 3 shows the preferred detector module.

Fig. 4 shows the typical components in either of the embodiments of

the invention.

Fig. 5 is a flow chart showing a typical method of using the inveﬁtion.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

(BEST MODES FOR CARRYING OUT THE INVENTION)

The present invention comprises a system for determining an arbitrary
position and orientation of an object in space without any physical tether or
connection to the object and with no alignments or predetermined spatial
relationships between the system and the target object. The preferred
system is shown in Fig. 1. As shown in Fig. 1, the object of interest 001
represents a mortar tube. This object 001 includes two acoustic emitter
assemblies 100 mounted on the axis of the tube and separated by some
know distance. The detector box and three associated transducers 200 are
located at and establish the reference coordinate system for measurement of

the tube attitude. As will be discussed in more detail, the six measured



10 Fig_5is a flow chart show ng a typical nethod of using the invention.
DESCRI PTI ON OF THE PREFERRED EMBODI MENTS (BEST MODES FOR CARRYI NG ?#T[]ﬁl—ﬁm
| NVENTI ON The present invention conprises a systemfor determ ning

arbitrary wibopnsesti on and orientation of an object in spaﬁ? .t hout any
physical tether or connection to the object and with no a %@W@“zor
predeterm ned spatial relationships between the system and the target
object. The preferred systemis shown in Fig. 1. As shown in Fig_ 1, the
object of interest 001 represents a menbar tube. This object 001 includes
two acoustic emtter 20 assenblies 100 mounted on the axis of the tube and

T Bnsaucer s 200 are | ooat ol aEeloaBr PeE Ry b BBD BPePufe o

transducers 200 are |ocated at and es

system for RBRa$MR u ttituyde. As wi || be discussed in nore
detail, the si ?%ne@r}}ree%&ﬁhqgﬁ@%%ﬁ"wﬁ%fﬁmf@ew@-usou 11602 _10

di stances between enmtter/detector pairs are used to geonetrically conpute
the pointing vector fornmed by the two emtters on the tube. The system
conprises an em tter assenbly 100 of Fig. 2 and a 5 detection/processing

nodul e 200 of Fi .heSSxﬁ@ﬂhmw@esdascﬁmMreasﬁém@lyamwQﬁ Figsering 00, as
showmn in Fig. 2, is conprised of two wultrasonic transducers 108, a

shor t - r ahge detgntionfproqessing moduhs 280 ¥EFigla Gnd associated software.

The emitter assembly 100, as shown in Fig. 2, is comprised of twa

ultrasonic transducers 108, a short-range radio frequency transceiver 110,
associated drive electronics 102, power supply 116 and RF antenna 106.

10 The electronics 102 excite the ultrasonic transducers 108 at the required
resonant frequency. The transmission of the two transducers 108 may be
separated in phase or in frequency in order to distinguish the signals at the
detectors. The circﬁitry also drives the RF transceiver 110 so that it emits a
suitable radio frequency pulse 112. The electronics for the acoustic and radio

15 frequency sub-circuits derive their timing from an oscillator 104 and the phase
relationship between the RF 112 and the acoustic pulses 114 is known. The

RF pulse 112 'serves as a timing reference at the detector module 200 and
allows emitter-to-detector distances to be calculated directly from the phase
reiationship of the detected RF and acoustic signals and known parameters

20 such as the speed of sound in air.

As shown in Fig. 3, the detector/processing module 200 is comprised

of three ultrasonic detectors 210, signal conditioning electronics 216,



associ ated drive electronics 102, power supply 116 and RF antenna 106.
The el ectronics 102 excite the ultrasonic transducers 108 at the regyi(f
resonant frequency. The transm ssion of the two transducers 108 nay be
separ at ed iwoplvameeor in frequency in order to distinguishpihasei/aee S

‘emts a suitable radio frequency pulse 112. The electronics for the
acoustic and radio 15 frequency sub-circuits derive their timng froman

oscillator 104 and the phase relationshilp—between the RF 112 and the
acoustic pulses 114 is knowmn. The RF pulse 112 -serves as a timng

reference atthrashaldt deteetionogirduitn? 09 8and stidrt g8 "Rt SankBeidel S4l40" 5
di stances to be calculated directly fromthe phase relationship of the

detected RF ' ' t . as the s
of sound in gﬁa}gg%gpé %\%H%Bﬁpg?g.é@z?g%eﬁgﬁ or/ﬁ%cé%’t fﬂl{’a?ﬁ‘@f‘%oo
conprised o r ul trasqgni,c_d tors 210, ,signal conditioning

el ectronics %?Lrg% gﬁg's&,{ﬁ"kggﬂ? Ewgeégg7'97é@@"'%’%§8§$‘ﬁ%@?ﬂﬁtﬁr%ﬁtﬂma“d
detection c%@wﬁﬁrﬁ/ 218, .a short range RF transceiver 214, a rocessor
sub- syst em epmalinn i, denfktained ainths detgqtennroressing ghodide 280.
sub-system 224 and 226 is required to enabl e absolute position and

attit ude 5 nfloermeasirsin t applicationsi like militarye appliestioms| o 0GESs i system dahe 2

S For certain applications, like mlitary applications, a GPS system an
"battl ef i el dbatte@ektirtenmpataddtility woslid @66 Gebinduiddudathe Hateorclogical

met eorol ogi cal data 228 is received via the "battlefield interne(”,
three ultras@#tac228 is received via the ‘battlefield internet. The three ultrasonic
detectors 210 are mounted on the module 200 such that they are not co-
linear and thus they define a plane. The pitch/roli/heading sensors 224 and
10 226 are precision mounted in the module 200 with resbect to this plane.
Object position and orientation are referenced to the synthetic coordinate
system established by the pitchirollfheading sensors 224 and 226. The radio
frequency pulse 230 is received at the detector module 200 and initializes the
threshold detection and comparison process 220. Acoustic signals 240 are
15 received and processed such that originating acoustic emittt;.zr Is known. One
possible embodiment of the detector design includes a timing circuit,
(embodied within 220) where the high precision timer is triggered upon receipt
of the RF reference pulse 230 and the time of flight measurement is obtained
upon receipt of the acoustic pulses 240. A threshoid'detectjon technigue 218
20 may be employed to determine the receipt of the acoustic pulse 240. The
time interval relative to the RF pulse for time-of-flight from each of two

emitters to each of three detectors results in a set of six distinct time intervals

250 for each measurement cycle. These intervals 250 are processed to

10
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the detectors. The circuitry also drives the RF transceiver 110 so that
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detectors 210 are nmounted on the nodul e 200 such that they are not co-

| inear and thus they define a plane. The pitch/roll/heading sensors 224 and
10 226 are precision nmounted in the nodule 200 with respect to thi sgﬁd][: ik
Obj ect posiwp@iysgl orientation are referenced to the synt hg&_iﬂ%ecoor di nate

system establ i shed by the pitch/rol|/headi ng sensors 224 afh N radio
frequency pulse 230 is received at the detector nodule 200 and initializes
the threshold detection and conparison process 220 _ Acoustic signals 240
are 15 received and processed such that 1pr-gi nating acoustic emtter is
known. One possible enbodi nent of the detector design includes a timng

circuil, (cobenrib whd WdboRARbntaRfe LRSLER PISEBEEN0 Mol | &k 00er od

upon receipt of the RF reference puls and trime

- Chreshal o detRaRRiane Seh OREE S icdterise TadiEPt el et okisvin v

- recei pt of the acoustic tg)ul se 240. The time interval relative to the RF
pul se for titFBFSYNNE.qRrEssER, @t thusidityocarenpe tiaetored ide hthef disiamee
detectors re ulets_ in a;&;ethof six distinct tinme intervals 250 for each
measur ement rainatiee ée ephergeatcuragy Fhe get of el pebsihie @nBtte0bcabieks WO
01/ 77999 PCTIUSO /11602 - 12 determ ne six independent emtter-to-detector

ool a3 TR Sa AR Ctes el e U IIEEIRMEIACHT.
factored i ntrefdreacelifRimé@CeThe intersection of three such spheres (one for each
detector) is two points, only one of which is a logical solution. This salution is
the location of the emitter that originate;d the acoustic pulsesl. When the
analogous computation has been perfarmed on signals from the second
10 emitter, the object’s (e.g. mortar tube) position and orientation are compietely
determined. For military applications, one additional transform computation
{not shown) can be performed to map the system reference frame to the

geodetic coordinate system employed in fire missions. The equations for

computation of the vector pointing angles, azimuth, and elevation are:



determ nation to enhance accuracy. The set of all possible emtter

locations 5 that could generate a given distance result, describe a ggl'@r[r-,?gm'
es (on

in the system reference frame. The intersection of three such spher
for each ®e0Oentmsy) is two points, only one of which is a lpeghiRfimen

solution. This solutionis the location of the emtter that originated the

acoustic pul ses. Wien the anal ogous conputati on has been perforned on
signals fromthe second 10 emtter, the object's (e.g. nortar tube)
position and orientation are conpletetyl3deternmned. For nmilitary
applications, one additional transform conputation (not shown) can be
per formed t adizep (Abfer 8413t A@P)'&f erence frane to the geodetic coordinate
system enployed in fire mssions. The equations for conputation of the
vect or poi ntdzw:WR fapjo]ﬁmm?)ﬂand el evation are: 0 8 OCT 2004 WO

01/ 77999 PCT/ USO01/ 11602 5 d1 a = (A02 + Al2 + A22)112 d2a = ((AOR20)2 +
Al2 + A2 ' 2) 2 ad MA2A2+ 6802 R30) 2+ A22) 112 (1),, dlb (BO2 +

B12+ 822) 112d3£ﬁ(€§?7&é%2 + B12+ B22)112 d3b :}1()802 + (BO- R30) 2+
B22) 112 wher bR_g 1S gi §1§§§e,2bet ween origin detector and detector on X
axis and I'S st HhceBket ween or | gin detector and detector on y axis.

10 The resulting di stances 1 d2a, d3a, dl1 b, d2b, dab) are the
§5Ul b (BoR AP TRE BB )

d3b = (B0O? + (BO-Rag)?* B23)*?
where Ry is distance between origin detector and detector on x axis

and Ry is distance between origin detector and detector on y axis.
10 The resulting distances (d1a, d2a, d3a, dib, d2b, d3b} are the
coordinates for the emitters and azimuth and elevation is computed as

follows:

Q = [d1a, d2a, d3a)

15 P =[d1b, d2b, d3b] | (2)
| Mtube = P-Q
bxy = arctan(Mtube1/Mtube0) - Azimuth 3)

20 ¢e = arctan(Mtube2/Mtube0) — Elevation 4)



coordinates for the emtters and azinuth and el evation is conputed as

foll ows:

fix, = arctan(M ubel/ M ubeO) - Azinuth 200 z = arctan(M ube2/ M ub
El evati on( 4¥00Q1/8796X°T 2004 WO 01177999 PCT/ US01/11602 - 14 Tq’icﬁﬁ@éijgem coul d

be inplenmented as a | ow cost solution wth an existing off-

6?2

pitch/rol |/ headi ng nodul e 224 and 226. A detector nodule 200 with an

enbedded I nertial Navigation System would provide enhanced precision,
could allow one INS to serve nultipl e-wddpens.
: the systemrelied an the use of a phase

pul se edge det ectThipsyéfterdls ' i ' . .
e Al Ao b Colt b ion Wit 3 s

mllisecond duration,

i ntended t o &@8HHd off-thels¥ff bitcirdithdating miP5248hE P26 b8 ctor

10

15

20

module 200 with an embedded Inertial Navigation System would provide

enhanced precision, and could allow one INS to serve muitiple weapans.

The preliminary design of the system relied on the use of a phase
locked loop (PLL) for acoustic pulse edge detection. A 75kHz sinusoidal
acoustic pulse, of 1.6 millisecond duration, was input to the PLL. This
implementation was intended to resultin a very simplistic way of detecting the
beginning and end of the acoustic pulse. However, the PLL was not stable
enough to perform edge detection to the resolution required to obtain the
distance measurement accuracy specified for the systéem. The design was
chaﬁged to eliminate the PLL and the acoustic pulse was input to a fast A/D
and processed via a digital signal processar. While other similar known
techniques can be utilizéd, this technique allowed measurement of the pulse
edge for TOF measurements to within 50 microseconds. This implementation
yielded final azimuth and elevation computations to within 10 mils (0.56

degree) accuracy with averaging.

The present invention will interface to GPS and pitch/rolifheading
sensors 224 and 226 to provide the reference coordinate system and position
infarmation to the detectorfprocessing module 200. The detector/processing

module 200 will also be capable of interfacing to other systems, such as

15Q = [dla, d2a, d3a] (2) P = [dlb, d2b, d3b] Mube = Péu%é@znm.

and

5 The prelimnary design of
| ocked | oop (PLL) for acoustic



10 begi nning and end of the acoustic pul se. However, the PLL was not
-enough to perform edge detection to the resolution required to obtain éfdf
di stance nmeasurenent accuracy specified for the system The design walk T 2004

changed towdbopied e the PLL and the acoustic pul se was i”@k’l‘tmfs
I .and processed via a digital signal processor. Wile other sim

no

techni ques can be utilized, this technique all owed neasurenent of the
edge for TOF nmeasurenments to within 50 m croseconds. This inplenmentat
yielded final azinmuth and el evation cesgitations to within 10 mls (0O
degree) accuracy with averaging. 20 The present invention will interf
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derived through round trip measurement of the time of flight of a transmitted
acoustic pulse. The typical components for the system are shown in Fig. 4.
The transmitted pulses are received at the weapon system transducer 108,
amplified 312, reshaped 314 and retransmitted back to the
detector/processing modute 400. The delay in the active electronics at the
weapon system is fixed. Therefore, the distance is equal to half of the total

time of flight, less the fixed delay in the electronics.

In either embodiment, the principal detector assembly drive
electronics are the same. Transducers 108 when excited by an input signal
produced by the drive electronics at the proper frequency produce an
acoustic pulse at the resonant frequency of the transducers 108/210. The
signal is received at the detecting transducer 210. The acoustic pulse excites
the ftransducer 210 resulting in a voltage signal with characteristics
corresponding to the frequency and amplitude of the signal received. This
signal is conditioned and retransmitted (in the case of the prefered
embodiment) or triggers the measurement of time of flight (in the case of RF

reference pulse embodiment). The processing electronics/software captures



total tinme of flight, less the fixed delay in the electro

The transmtted pul ses are received at the weapon system transducer 108,
anplified 312, reshaped 314 and retransmtted back to the 10
det ect or/ processi ng nodul e 400. The delay in the active el ectronics &8 @hel00t
weapon systwmoiigde Xxed. Therefore, the distance is equal t%cﬁ*?lljf of the

|

SOH1M0% her

enmbodi ment, the principal detector assembly drive 15 electronics are the
same. Transducers 108 when excited by an input signal produced by the drive
el ectronics at the proper frequency prodgce an acoustic pulse at the
resonant frequency -of the transducers 1081210. The signal is received at

the detecti nghet TOPSHESSiredER %1% C s e execites the nsducer
210 resulting in a vol targe sitgf;na c&vi@ﬂﬁgtg?%gk%r}?aéfr?{smfﬂdéﬂpr‘lle@%o ng to
t he frequen n ' f the si | received. This signal is

condi ti onedct}'jﬁg ggt ké%‘n’tiﬂgeaef'ﬁft%ﬂg@s@ngf Sevatispeva @ dmathepatiosknt ) or
triggers theﬂﬁasurement of time of fli in the case of RF reference

: ht (
pul se enmbodi’ ?T?ntﬂtfenﬁf@ﬂﬂﬁmﬁ“él(gi;t(gb@nds(%oftvvare captures 0 8 OCT
2004 WO 01/77999 PCT/ USO01/ 11602 -16 the TOF neasurenent for each
emtter-detector pair (or round trip TOF) and then conputes the desired
azinmuth and elevation via a mathematical _inplenentatioen of .equations (1),

(2), (8)5 and (4)The>prewerpimantion iUARLE M itsSmEkMERtdiBn b JeRDARIFERF at i on
for derivation of

azimuth and elevation for a weapons system. The active refiector
embodiment is also unique as it eliminates the need for a reference pulse

from which to base time of flight. The time of flight is obtained purely from the

acoustic signal.

10

The transducers 210 may be driven in numerous ways to produce
different characteristic signals. In particular, the pulse duration and shape
may be altered to accommodate desired performance in range and signal

decoding/integrity.  This allows flexibility in both the drive and receive

15 circuitry.

The processing element may take several forms, including
programmable logic devices, microprocessors and digital signal processors.

The power supply could be batteries or other type of portable supply such as

20 solarcells.

The sensors and electronics may be combined to form an integrated

package whose input is an unconditioned drive signal and whose output is a



azimuth and el evation for a weapons system The active reflector
enbodi nent is also unique as it elimnates the need for a reference pul se
fromwhich to base time of flight. The time of flight is obtained pgpeCy nu
fromthe aW@M{MWsignal 10 The transducers 210 may be drineEmusodsfgier ous
ways to produce different characteristic signals. In particular, the pul se
duration and shape nmay be altered to accommpdate desired performance in
range and signal decoding/integrity. This allows flexibility in both the
{ drive and receive 15 circuitry. The ﬁ?égé§sing el enent may take several
forns, inclugtﬁg programmabl e | ogi ¢ devi ces, m croprocessors and digital
signal procesSdr SCASYFRMpRIWRT astippery indinstidgbredeit t eff & esmlior achigic g Of
portabl e supply such as 20 solar cells. The sensors and el ectronics may be
combi ned to €d@en an i ntegrated package whose input is an unconditioned
drive signal and whose output is a WO 01/77999 -- 17 08 OCT 1904
PCT/ US01/ 11602 TOF neasurenent or a trigger indicating receipt of a valid
acoustic pulse edge. Additional acoustic sensors may be added for use in

calibration of  additianal acoustic sensars may be added for use in calibration of
5 speed of sound variations due to temperature and other air column effacts.
Additional sensors will also improve accuracy of measurement and eliminate

ambiguities in coordinate position measurements.

As discussed, the RF transceivers may be eliminated in the active
10 reflector embodiment. It is also possible to eliminate the need for a processor

if the algorithms are implemented in hardware and/or firmware.

it is also possible to implement the present invention using passive
reflection. That is, the acoustic pulses would be transmitted and reflected off

15 of the surface of the weapon system.

The software and/or firmware in the system will support two functions
in the system. The first function will be control of the hardware. This will
include initialization and reset functions for such devices as analog to digital

20  converters and time of flight measurement timer (if implemented in hardware).
The software will then read the time of flight (TOF) measurements and
compute the desired azimuth and elevation outputs per the equations (1), (2),

(3), and (4). These eguations form the algorithms for computation of the



5 speed of sound variations due to tenperature and other air colum

effects. Additional sensors will also inprove accuracy of neasurenent and
elimnate anbiguities in coordinate position nmeasurenents. As di scub& &bl 2004
the RF tra%?gi,yﬁw may be elimnated in the active 10 reflector

embodi nent. It is also possible to elimnate the need for FGHEOHILE | f
the algorithns are inplenented in hardware and/or firmvare. It is also
possible to inplenent the present invention using passive reflection. That
i's, the acoustic pulses woul.d be transmigted and reflected off 15 of the
surface of the weapon system The software and/or firmvare in the system

will support f i ans . j.n t st The first function wll be
control of ttlzléeé{\%gr wméc/aaﬁjg?‘ %ﬁf@% Eﬁg@lgncl angles é'}"hzg?i‘iﬂﬂ"&ﬁ'&dr&ébe
functions fo S,l;ﬁCh devifeerﬁ‘_%sianal g@ﬁto dicﬂital 20 converters and tine of

flight measurfShERES | W&o PERR/ReIdoeading sFeReere)224 end 226 thyartbe wi | |

then read the tinme of flight (TOF) neasurenents and conpute the desired
azi mut h and ¥feasei ol heuspitwarepwill etse Fwluds ensisér)nteffade fuicion, amsicl 4) .
These equations formthe algorithnms for conputation of the 0 8 OCT 2004 WO

01/ 77999 PCHrosides Ingineng cugsdesﬂhéeﬂeupm%y@t@'nﬁltdﬂwai%ﬂg}ﬁ%srefﬁﬁeér&&!h es
ro

w Il be converted to the coordinate systemof the pitc eadi ng

24 ‘A2 : f 2. Th i | | ' d
Thterface 1 neqde miBimbiith RF) pSticnind e oVt A the *iebn et 2>
operator.. ThesesChSSo'til its target.

No user alignments are required. For the proposed military application

as shown in Fig. 1, the field soldier would set up his mortar 001, set the

10 detector module 200 on the ground one to three meters away and turn both
the emitter assembly 100 and detector module 200 on. Five seconds later,

his gun ‘knows' where it is and where it's aimed. Ease of use is a prime
benefit of this system. Fig. 5 is a flow chart showing a typical method for

using the preferred embodiment in a mortar tube application.

15
) While originally conceived as a user-friendly fire control system for
mortar applications, the method described herein can be used in any situation
where non-contact sensing of position and orientation would be needed.
There are a number of possible applications, including:
20

Sensing the position/orientation of more than one mortar with a single

detector module. In principle, unique emitter carrier frequencies (or pulse



5 provide information for positioning the weapon at the correct attitude
necessary to hit its target. No user alignnents are required. For [tfgCT 2004
proposed mlitary application as shown in Fig. 1, the field soldier would
set up hi s wontare90l, set the 10 detector nodule 200 on t heraigundeOne to
three meters away and turn both the emtter assenbly 100 and detector
nodul e 200 on. Five seconds later, his gun 'knows' where it is and where
it's ainmed. Ease of use is a prime benefit of this system Fig. 5is a

fl ow chart showing a typical nethod for1%sing the preferred enbodi nent in
a nortar tube application. 15 Wiile originally conceived as a user-friendly

fire contr ol traiys) endfaomplententiry appeiviral eletiFonith avdlRd RESwARsFs thadoher ei n
can be used in any situation where non-contact sensing of position and

orientation wedhén kepeeepnst by ggﬁ{gre?éfﬁecﬁoﬁmle of possi bl e applications,

; including: 1 20 Sensing the position/orientation of nore than one nortar

wth a single detector nodule. In principle, unique emtter carrier

frequencies (or pulse 0 8 OCT 2004 WO 01/77999 PCT/ US01/ 11602 -19 trains)

and conpl enent ary.recei vi.ng ?e%}e]gtroni cs would all ow nore than one weapon to
.G

be served by a si Wt SRS FdHiRdeON 18rgef NNRARGNoRYSLeIRs.heuGE &8 tank| ar ger

weapon systens, such as tank o
tubes. In addition to providing targeting information, the system could reptace

the tube-droop sensing system (currently a laserfreflector/detector

implementation) as well.

Recreational target shooters or the operators of shooting ranges might

10 employ such a system to provide a 'no hassle’ bore sighting service.

Owners of high-end telescopes for amateur astronomy could find this

system very atiractive, especially when interfaced with one of the precision

mount drives.

15



5 tubes. In addition to providing targeting information, the system could
repl ace the tube-droop sensing system (currently a | aser/refl ector/detector
i npl ementation) as well. Recreational target shooters or the operators of
shooting ranges mght 10 enploy such a systemto provide a 'no hassle’
bore sighting service. Owmers of high-end tel escopes for amateur astronony

could find this systemvery attractive, espggially when interfaceca mml‘
one of the precision nount drives. 15 -20 CLAIM5S 0 8 OCT 2004 1. ﬂ t &d

for determ ning a position and orientati opmoijpsae 2 object, the nethod
conprising the steps of: providing two Iinearlly aligned emtters on the
object; 4 providing at |east three non co-linear detectors in |line of sight
fromthe at least two linearly aligned emtters; 6 providing a systemfrane
of reference; transmtting a distinct signal fromeach of the at |east two
8 linearly aligned %enitt®methpdder detegmimeg @ pesitien and @iientation ebam of the
at least three non 10 co-linear detectors;
2  object, the method comprising the steps of:

providing two linearly aligned emitters on the object;
4 providing at least three non co-linear detectors in line of sight
from the at least two linearly aligned emitters;
6 providing a system frame of reference;
transmitting a distinct signal from each of the at least two
8 linearly aligned emitters;
receiving the distinct signals by each of the at least three non
10 co-linear detectors:
deriving at least six time of flight measurements from the
12  distinct signhals to the at least three non co-linear detectors; and
computing the position and orientation of the object relative to
14  the system frame of reference from the derived at least six time of flight

measurements.

2. The method of claim 1 wherein the step of deriving at least six
2 time of flight measurements comprises deriving a round trip time interval of

each of the transmitted distinct signals.



deriving at least six tinme of flight neasurenents fromthe 12 distinct
signals to the at |least three non co-linear detectors; and conputi nﬁjat he

position and orientation of the object relative to 14 the systemf b 2004
reference fromthe derived at |least six tine of flight neasurenents. 2
The met hod of claim 1l wherein the step of deriving at least six 2 tine of
flight nmeasurenents conprises deriving a rel@il—+rip tinme interval of each
of the transmitted distinct signals. 0 B OCT 2004 -21 3. The nethod of
claim2 further conprising factoring a knowmn 2 delay tine for active

el ectronics for re-transmtting the distinct signals back to each of the

at least two |inear4y aly ] ] ein
the step of derivi n%' at T%gﬁtﬁ%%grﬁmnéfu&%ﬁEw%ﬁ%{giaucﬁéwékmri ses
triggering,.a precision tinmer upop receipt of a timng signal transmited
S mil't aneadel AGIAY AMBLOhaFhie SiREloBts 1of e SansTetting fibdislact sigadlpest o o
claim1 further conprising the step of converting 2 the tinme of flight
neasur ement s tRA ek thratdeasy tyodivraplgaligned egnittarsyst em for det ermi ni ng
position and orientation of an object, 2 the system conprising:

4. The methed of claim 1 wherein the step of deriving at least six

2 time of flight measurements comprises triggering a precision timer upon

receipt of a timing signal transmitted simultaneously with each transmitted

4  distinct signal.

5. The method of claim 1 further comprising the step of converting

2 the time of flight measurements to distances.



at least five acoustic transducers wherein at |east three of said 4 at

| east five acoustic transducers conprise non co-linear detectors and at

| east two of said at |east five acoustic transducers conprise |inear
emtters 6 affixed an the object; a neans for providing said sysggqquwm a
frame of reference; 8 a neans for sending a distinct signal fromeach o
said at least two linearly aligned emtters220-said at |east three
detectors; 10 a neans for receiving each said distinct signal by said non
co- linear detectors; 12 a neans for determning at |east six tinme of

flight neasurenents fromsaid received distinct signals; and 14 a neans

| cast ahx tine of 1 ghiAmesen Bindiremhioita Bospf acl oieralop R anabict

reference. _.7. The invention of claim6 wherein said frame of reference 2
conprises & géﬁﬁétyﬁl,emﬁaﬁﬁ)"@f‘”g -.eference. 8. The invention of claimb6
wherein said frame of reference conprises a known orientation of said at
| east three non co-| i neaat ldasifimeoacnudticgrapEHutetiwheeein at Teast ithneendfi said of
claim6 wherein said frane of reference 2 conprises a nenber fromthe

group consist igtdeast fivechcthsticpesisduesis\gorppAt€ Moh@nedtdtaetors ahd at
navi gation system (INS) and pitch/roll/heading
least two of said at feast five acoustic transducers comprise linear emitters
6 affixed on the object;
a means for providing said system with a frame of reference;
8 a means for sending a distinct signal from each of said at least
two linearly aligned emitters to said at least three detectors;
10 a means for receiving each said distinct signal by said non co-
linear detectors;
12 a means for determining at least six time of flight
measurements from said received distinct signals; and
14 a means for computing the position and orientation of the

object from said at least six time of flight measurements relative to said

16 frame of reference.

7. The invention of claim 6 wherein said frame of reference

2  comprises a geodetic frame of reference.

8. The invention of claim 6 wherein said frame of reference

comprises a known orientation of said at least three non co-linear detectors.



4 sensors. 10. The invention of claim6 wherein said at |east five
transducers 2 conprise a range of frequency from 25KHz to 200KHz. 11. The

i nvention of claim®6 wherein each of said at least six time 2 OE fl'tl%*tbJ
measurenents conprise a tinme fromtransm ssion of said distinct B&G |LUyy
each of said at least two linearly aligned emtters to receipt of each 4
of said distinct signals by each of said at.4dzxast three non co-linear
detectors. 12. The invention of claim®6 wherein each of said at |east six
time 2 of flight nmeasurenments further conprise a timng circuit to neasure
a tinme between transm ssion of each of said distinct signals to receipt of
said 4 distinct sighals .ﬁl each,.of ?a" d rkgn co-.li ne(gf det e'grtegés. 13. The

i nvention of claimx2 furfhEVERURROTSiaNy SWhEIRIASHETaMaR &RCEach
transmtted distinct signal, 0 8 OCT 2004 -24 14. The invention of claim®6
wherei n eaéh GCMRIISESR MerpBer ko thegsoup censistingof arglabak remitieRINgonpri se a
round trip time interval for each distinct signal fromsaid at | east two

| i nearly ali grsydtesmi(GP&)san ineriehnandgation bystear (IN8) detqutobiroitinasing

el ectronic delays. 15. A systemfor determ ning a position and orientation
of a nortas 2Zehdbhss. the system conprising: five acoustic transducers
wherein two of said five acoustic 4 transducers conprise |linear emtters
affixed to the nortar tube and three of

10.  The invention of claim 6 wherein said at least five transducers

2 comprise a range of frequency from 25KHz to 200KHz.

11.  The invention of claim 6 wherein each of said at least six time
2 of flight measurements comprise a time from transmission of said distinct
signal by each of said at least two linearly aligned emitters to receipt of each

4  of said distinct signals by each of said at least three non co-linear detectors.

12.  The invention of claim 6 wherein each of said at least six time
2 of flight measurements further comprise a timing circuit to measure a time
between transmission of each of said distinct signals to receipt of said

4  distinct signals by each of said non co-linear detectors.

13.  The invention of claim 12 further comprising a timing reference

2 on each transmitted distinct signal.



said five transducers conprise non co-linear detectors positioned in a
field of 6 view of said emtters; a nmeans for providing said system a
geodetic frane of 8 reference; a nmeans for sending a distinct signal from
each of said two 10 linear emtters to said three non co-IineagB gmﬂors
a means for determning six time of flight neasurenents from 12°sai

recei ved distinct signals; and a neans for_cayputing the position and
orientation of the 14 nortar tube fromsaid six time of flight neasurenents
relative to said franme of reference. 0 8 OCT 2004 -25 16. The invention of
claim15 wherein said frane of reference 2 conprises a nenber fromthe

i gat 1 on syst om (Vi) Lo THRRGRR Pl RS NSGe Al Qread =4 2 asif%é time

i nvention of claim15 wherein each of said six time of flight
measur emen? cafflightenaasunements eomuiisers s3rshtrigr tiwgi tdtedwsltfoneacls digtiact by
each of said two linear emtters to receipt of each of said distinct

signals by 4 sigedl fdmsaidiat laeetwio linearly aligesd datitersdoeachthonTbe-lineaent i on
of claim 15 wherein each of said six time of flight 2 measurenents further

conpri se agt i et HiHLS clettrBIRSHERYS, ti Me bet veen

15. A system for determining a position and orientation of a mortar
2 tube, the system comprising:
five acoustic transducers wherein two of said five acoustic
4 transducers comprise linear emitters affixed to the mortar tube and three of
said five transducers comprise non co-linear detectors positioned in a field of
6 view of said emitters;
a means for providing said system a geodetic frame of
8 reference;
a means for sending a distinct signal from each of said two
10 linear emitters to said three non co-linear detectors;
a means for determining six time of flight measurements from
12 said received distinct signals; and
a means for computing the position and orientation of the
14  mortar tube from said six time of flight measurements relative to said frame

of reference.



transm ssion of each of said distinct signals to receipt of said distinct
signals 4 by each of said non co-linear detectors. 19. The invention of
claim18 further conprising a timng reference 2 on each transmtted
distinct signal. 20. The invention of claim 15 wherein each of Lq 'Lx
time of flight 2 measurenments conprise a round trip tine interﬂa:q] f@p each
distinct signal fromsaid linear emtters toysgach said non co-linear
detector mnus electronic 4 del ays.

16. The invention of claim 15 wherein said frame of reference
2 comprises a member from the group consisting of a global positioning
system (GPS), an inertial navigation system (INS) and pitch/roli/heading

4  sensors.

17.  The invention of claim 15 wherein each of said six time of flight
2  measurement comprise a time from transmission of said distinct signal by
each of said two linear emitters to receipt of each of said distinct signals by

4  each of said three non co-linear detectors.

18. The invention of claim 15 wherein each of said six time of flight
2  measurements further comprise a timing circuit to measure a time between
transmission of each of said distinct signals to receipt of said distinct signals

4 by each of said non co-linear detectors.

19.  The invention of claim 18 further comprising a timing reference

2  on each transmitted distinct signal.

20. The invention of claim 15 wherein each of said six time of flight
2  measurements comprise a round trip time interval for each distinct signal
from said linear emitters to each said non co-linear detector minus electronic

4  delays.



